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Abstract. Concrete-filled steel tubes (CFSTs) are composite systems applied to earthquake-resistant structures that
enhance structural performance such as strength and ductility by combining the confinement effect of steel tubes with
the compressive capacity of concrete. However, steel, the primary component of CFST, is susceptible to corrosion
when exposed to the external environment over extended periods, which can lead to degradation of structural
performance and even structural collapse. To address issues and enhancing the performance of CFST columns, this
study conducted a numerical analysis on concrete-filled CFRP tube (CFCT) and concrete-filled hybrid CFRP tube
(CFHT) column structures, which replace steel with CFRP. In addition, to evaluate the seismic performance of CFCT
and CFHT columns, the results of the numerical analysis were statistically analyzed for roof displacement, inter-story
drift ratio, residual inter-story drift ratio, column stress, energy dissipation amount and permanent deformation.
Consequently, the CFCT and CFHT column structures exhibited superior seismic performance in evaluation results.
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1. Introduction

Recently, structures have been increasing in size owing to advancements in the construction
industry and growing social demands. However, unexpected external loads, such as earthquakes,
can cause severe damage to large structures by compromising critical components such as
columns. To enhance structural safety, composite structures that combine different materials to
optimize mechanical performance have been increasingly employed. Among these, composite
columns are a representative form, offering excellent structural behavior, owing to the synergistic
effects of combining concrete and steel. Particularly, concrete-filled steel tube (CFST) columns,
where a concrete core is encased by steel tubes, are widely used to meet higher performance
requirements of structures [1, 2]. CFST columns offer several advantages, including enhanced
compressive and flexural strength, reduced column thickness, and improved ductility and energy
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absorption capacity. These benefits result from the internal confinement of the concrete by the
steel tube and the suppression of the steel buckling by the concrete core. However, despite these
advantages, CFST columns exhibit limitations related to the material properties of the steel tube
that serves as a covering. CFST columns benefit from enhanced fire resistance owing to their
concrete cores; however, the externally exposed steel tubes remain vulnerable to high temperature
during fire [3-6]. Additionally, the steel tubes are susceptible to corrosion in hot and humid
environments, leading to a reduction in strength and a potential threat to structural safety [7-12].
To address these issues, protective measures such as paint coating and concrete covering
encasements are commonly applied; however, these methods do not offer fundamental or long-
term solutions [13].

Consequently, recent research has focused on replacing steel with fiber reinforced polymer
(FRP), a composite material, to retain the structural configuration of CFST columns while
enhancing structural performance and overcoming material limitations. FRP is a composite
material widely used as a substitute for steel and other metals across various industries, owing to
its superior properties such as high strength, durability, low weight, fire retardancy, and corrosion
resistance. Among different types of FRP, carbon fiber reinforced polymer (CFRP) has been
extensively studied for applications in the construction field. Numerous studies have investigated
the potential of CFRP to enhance the performance of both existing structures and new buildings,
particularly focusing on its applicability as a steel replacement in composite columns. The
behavior of concrete columns confined with FRP under axial loads has been thoroughly examined
through experimental and analytical approaches. Basically, CFT columns reinforced with FRP
show results in effectively improved ultimate strength compared to conventional CFST columns
[14-16]. In addition, these investigations demonstrated that FRP confinement significantly
enhances the ductility and axial strength of these columns, as the FRP functions as a lateral
restraint [17-19]. Similarly, studies on concrete-filled FRP tubes with circular cross-sections have
reported improvements in ductility and axial strength owing to the confining action of the FRP
tubes [20-22]. A typical structural column is subjected to a combination of axial compressive
forces, tensile forces, bending moments, shear forces, and torsional moments. Accordingly, the
cross-section of the column must be designed to resist the stresses arising from these combined
forces. In a CFST column, the steel tube primarily resists tensile stresses, and the concrete core
contributes to resisting compressive and shear stresses. When replacing the steel with FRP
material, the FRP fibers must be oriented to effectively resist tensile stresses, as concrete possesses
inherently low tensile strength. In addition, tensile failure of the FRP and buckling of the internal
longitudinal reinforcement occur due to the interaction between the confined concrete core and the
external wrapping FRP [23, 24]. Therefore, to ensure structural integrity, the fibers in the FRP
tube with high tensile strength should be aligned longitudinally along the axis of the column. This
fiber orientation reduces the confinement effect provided to the concrete, but the fibers resist axial
and tensile stresses, thereby reinforcing the concrete core [25-27]. To assess the seismic
performance of structures incorporating FRP columns, it is essential to employ analytical methods
that can accurately capture the behavior of the structural members. Depending on the required
level of precision, various modeling techniques are used to simulate the behavior of FRP materials.
For structures with numerous members, elastic and linear modeling of FRP is commonly adopted
[28, 29]. In such cases, the compressive strength of FRP is often neglected, and the material is
treated as brittle, which may lead to significant errors and reduced accuracy in the analysis.

Therefore, to address the limitations of conventional CFST columns and secure excellent
seismic performance, this study conducted a numerical analysis to evaluate the field applicability
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Figure 1. Tensile and compressive tests and specimens under cyclic loads

and seismic performance of frame structures incorporating concrete-filled CFRP tube (CFCT) and
concrete-filled hybrid CFRP tube (CFHT) columns. Initially, the material advantages of CFRP and
hybrid CFRP (HCFRP) were validated, and the behavioral characteristics were analyzed based on
tensile and compressive test results of CFRP, HCFRP material specimens obtained from a
previous study. Based on the test results for each material, the behavioral characteristics were
simulated using a newly developed material model implemented in OpenSees. Furthermore, a six-
story frame structure incorporating CFCT, CFHT, and CFST columns was designed, and
numerical analyses were conducted using 41 ground motion records at two seismic levels:
Maximum Considered Earthquake (MCE) and Design Basis Earthquake (DBE). The seismic
performance of the frame was then evaluated by examining roof displacement, inter-story drift
ratio, residual inter-story drift ratio, column stress, and permanent deformation derived from the
numerical analysis results.

2. Simulation of CFRP material behavior characteristics

To evaluate the seismic performance of building structures utilizing CFCT and CFHT columns,
the behavioral characteristics of CFRP and HCFRP materials, which are the core materials of this
study and constitute the CFCT and CFHT columns, were simulated using a material model. To this
end, material test results for the base materials, CFRP and HCFRP, obtained from a previous
study, were analyzed [30]. To validate the behavioral characteristics of CFRP and HCFRP and
demonstrate their superiority, material tests were conducted on these composites and steel.
Specifically, specimens were fabricated using CFRP laminated with carbon-epoxy prepreg
UPN116B, HCFRP composed of glass-epoxy prepreg UGN160B integrated into CFRP. HCFRP
was selected to complement the brittle fracture characteristics of CFRP. As presented in Fig. 1, for
CFRP and HCFRP, tensile and compressive tests under cyclic loads such as earthquakes were
performed on 16 specimens each in accordance with ASTM D3039 and ASTM D6641 standards
to facilitate their idealization as material models [31, 32]. For the tensile cyclic test, the material
test specimens were manufactured with the following specifications: 15 mm in width, 1 mm in
thickness, and 318 mm in length. To prevent slippage during testing, tabs measuring 15 mm in
width, 1.5 mm in thickness, and 90 mm in length were attached to both ends. For the compressive
cyclic test, the material test specimens were also prepared with following specifications: 12 mm in
width, 3 mm in thickness, and 140 mm in length. The loading protocol for the tensile cyclic test
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Figure 2. Comparison of analysis and test results for materials

was displacement-controlled, with a displacement increment of 0.345 mm applied every 20.7 s
over a total of 20 cycles. For the compressive cyclic test, displacement control was applied with an
increment of 0.127 mm every 7.62 s for a total of 20 cycles. From the stress-strain responses
obtained through the tensile and compressive cyclic tests of each material, the maximum tensile
strength was recorded as 2511.99 MPa for CFRP and 2089.33 MPa for HCFRP, and the maximum
compressive strength was 522.11 MPa for CFRP and 458.89 MPa for HCFRP. Additionally, the
numerical analysis was performed using the predefined material model for steel in the OpenSees
program.

The numerical analysis of the structure was conducted using the OpenSees program [33].
OpenSees, developed at the University of California, Berkeley, is an open-source software
framework based on the object-oriented C++ programming language [34]. This framework has
attracted contributions from various researchers to enhance its functionality and become a very
efficient and powerful tool for advanced structural analysis [35]. In this study, the behavioral
characteristics of CFRP were modeled using a new material class developed by Mortezavi et al.,
which simulates a newly implemented uniaxial Material class within the OpenSees framework
[36]. The material model was constructed using an interpolation method based on the data
obtained from tensile and compressive cyclic tests, dividing them into loading and unloading
sections so that CFRP and HCFRP materials have their own mechanical properties. Moreover, the
setTriaStrain method was employed to define strain values beyond those observed in the tests,
enabling the model to return corresponding tangent stiffness and stress values to the analysis
program. Here, the material stiffness matrix is derived using the tangent modulus of the material,
allowing for the prediction of deformation behavior beyond the scope of the test data. To validate
the accuracy of the CFRP and HCFRP material models, a single-column structure with a square
cross-section of unit length and unit area was developed using nonlinearbeamcolumn element.
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Figure 3. Design of building floor plan and elevation

This model was subjected to axial loading under conditions replicating the test setup. The
loading protocol in the OpenSees simulation was designed to precisely match these conditions.
Fig. 2 presents a comparison between the analysis and test results for CFRP and HCFRP materials
under both tensile and compressive cyclic loading. As shown in Figures, the strong correlation
between the analysis result and test result confirms the reliability of the CFRP and HCFRP
material models. This close agreement indicates that material properties and behaviors were
accurately implemented, verifying the effectiveness of the simulation for CFRP and HCFRP
materials. Steel modeling was performed in OpenSees using the uniaxial material ‘steel02’
assigned to the column cross-section.

3. Building structure design

The structure used for numerical analysis was a six-bay, six-story residential building located in
Los Angeles, California. Each story was assigned a height of 4 m, and each bay a length of 6 m.
The site is characterized by hard clay soil, which influences both the foundation design and overall
structural behavior. The floor plan and elevation layout of the building are presented in Fig. 3. The
lateral force-resisting system consists of moment-resisting frames and inverted-V-shaped
buckling-restrained braces (BRBs) arranged in two main directions to ensure seismic safety. These
lateral systems are implemented around the perimeter of the building, whereas the interior
structural elements are designed solely to support gravity loads. To reflect this, the connections
between beams and columns in the interior frames are modeled as pinned joints, as indicated by
the dots on the beams. The roof consists of a flat, 200 mm thick reinforced concrete slab designed
to function as a rigid diaphragm to ensure uniform distribution of seismic forces across the
structure. The building’s beams are W series | sections fabricated from A992 grade steel, and the
BRBs are supplied by CoreBrace. The columns are square-shaped CFTs utilizing CFRP, HCFRP,
steel and C350 grade concrete to ensure adequate strength and stability. The columns were
designed with the same parameters except for the material. The final section sizes for all structural
elements were selected in accordance with the design provisions and requirements specified in
AISC-341-22 and AISC360-22 [37, 38].
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Table 1. Applied loads used in the numerical analysis

Story Roof Dead Load (kN/m2)  Roof Live load (kN/mm=2) Exterior Wall Load (KN/m)
1-5 11 0.2 8
6 0.9 0.2

Table 2. Seismic load parameters in accordance with ASCE7-22
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Figure 4. Numerical analysis model of building frame structure

The loads acting on the building were calculated in accordance with provisions of ASCE7-22
[39]. These include dead loads, accounting for the self-weight of the building, and live loads,
representing transient occupancy-related loads such as furniture and human activity. Owing to the
site’s high seismic risk, seismic lateral loads were carefully considered in the structural analysis.
Other environmental loads, such as wind, snow, and rain, were deemed negligible based on the
local climatic conditions and were therefore excluded from the load combinations. A summary of
the estimated structural gravity loads, including both dead and live loads, is provided in Table 1.
For seismic loading, the structure is classified as Seismic Design Category E. The seismic design
parameters, derived from ASCE7-22, incorporate site-specific seismic activity, soil profile, and the
building dynamic characteristics, as summarized in Table 2.

4. Building frame structure analysis model
Three types of frame structures utilizing CFCT, CFHT, and CFST columns were modeled in

OpenSees in 3D space, incorporating six degrees of freedom. The primary distinction among these
models lies in the material composition of the CFT columns. Each of the column structures
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Table 3. Ground motion specifications

ID RSN30 RSNO9S5 RSN158 RSN159 RSN161 RSN162 RSN165

Earthquake  Imperial Parkficld Managua Imperial Imperial Imperial Imperial
Name Valley-02 Nica.-01 Valley-06  Valley-06  Valley-06  Valley-06
Year 1940 1966 1972 1979 1979 1979 1979

Cholame- Brawley Calexico Fire

Station Name Shandon MaEnSaSgga_ ﬁm Agrarias Airport Station Chihuahua
Array #5
Magnitude 6.19 6.24 6.53 6.53 6.53 6.53 6.53
Rjb (km) 9.58 3.51 0 0 8.54 10.45 7.29
Rrup (km) 9.58 4.06 0.34 0.65 10.42 10.45 7.29
Vs30 (nmy/sec) 289.56 288.77 259.86 242.05 208.71 231.23 242.05
ID RSN170 RSN171 RSN173 RSN178 RSN179 RSN180 RSN181
Earthquake  Imperial Imperial Imperial Imperial Imperial Imperial Imperial
Name Valley-06  Valley-06  Valley-06  Valley-06  Valley-06  Valley-06  Valley-06
Year 1979 1979 1979 1979 1979 1979 1979

EC County ECMeloland ElCentro  El Centro  ElCentro  El Centro  El Centro

Station Name Center FF GeotAmay  Array #10  Array #3 Array #4 Array #5 Array #6

Magnitude 6.53 6.53 6.53 6.53 6.53 6.53 6.53
Rjb (km) 731 0.07 8.6 10.79 4.9 1.76 0
Rrup (km) 731 0.07 8.6 12.85 7.05 3.95 1.35
Vs30 (m/sec) 192.05 264.57 202.85 162.94 208.91 205.63 203.22
ID RSN182 RSN183 RSN184 RSN185 RSN265 RSN448 RSN459
Fobante mpeta | mper e S oran i orgn i
Year 1979 1979 1979 1979 1980 1984 1984
Magnitude 6.53 6.53 6.53 6.53 6.33 6.19 6.19
Rjb (km) 0.56 3.86 5.09 5.35 13.8 3.22 9.85
Rrup (km) 0.56 3.86 5.09 7.5 14.37 3.26 9.87
Vs30 (my/sec) 210.51 206.08 202.26 202.89 471.53 488.77 663.31
1D RSN461 RSN558 RSN723 RSN725 RSN728 RSNS821 RSN1101
Fombanke g (i, Supentton Supnion Supentton B e s
Year 1984 1986 1987 1987 1987 1992 1995

ZackBrothers Parachute  Poe Road Westmorland

Station Name Halls Valley Ranch Test Site (temp) Fire St. Erzincan Amagasaki

Magnitude 6.19 6.19 6.54 6.54 6.54 6.69 6.9
Rjb (km) 3.45 6.44 0.95 11.16 13.03 0 11.34
Rrup (km) 3.48 7.58 0.95 11.16 13.03 4.38 11.34
Vs30 (mvsec) 281.61 316.19 348.69 316.64 193.67 352.05 256

ID RSN1108 RSNI1114 RSN2734 RSN3943 RSN3965 RSN4065 RSN4071
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Table 3. Ground motion specifications

Earthquake Kobe Japan Kobe Japan Chi-Chi_ Tottori Tottori Parkfield-  Parkfield-
Name P p Taiwan04 Japan Japan 02 CA 02 CA
Year 1995 1995 1999 2000 2000 2004 2004
. Kobe Parkfield - Parkfield -
Station Name Uiy Port Island CHY(074 SMNO15 TTRO08 EAD. MID.
Magnitude 6.9 6.9 6.2 6.61 6.61 6 6
Rjb (km) 0.9 3.31 6.02 9.1 6.86 1.37 0.61
Rrup (km) 0.92 3.31 6.2 9.12 6.88 2.85 2.57
Vs30 (m/sec) 1043 198 553.43 616.55 139.21 383.9 397.57
1D RSN4084 RSN4098 RSN4100 RSN4102 RSN4111  RSN4115
Earthquake Parkfield- Parkfield- Parkfield- Parkfield- Parkfield- Parkfield-
Name 02 CA 02 CA 02 CA 02 CA 02 CA 02 CA )
Year 2004 2004 2004 2004 2004 2004 -
. SCHOOL Cholame Fault Zone
Station Name BLDG. Cholame 1E TWA Cholame 3W Fault Zone 7 12 -
Magnitude 6 6 6 6 6 6 -
Rjb (km) 0.95 1.66 1.63 2.55 0.95 0.88 -
Rrup (km) 2.68 3 3.01 3.63 2.67 2.65 -
Vs30 (m/sec) 269.55 326.64 173.02 230.57 297.46 265.21 -
'S 3
( ( 1 : o 0.1 1
Period (s) Period (s)
(a) DBE level (b) MCE level

Figure 5. Scaled spectrum of ground motions

utilized CFRP, HCFRP, and steel materials, each possessing distinct mechanical properties, by
applying the previously validated material model. The beams and bracing elements were modeled
using the steel02 material class, characterized by an elastic modulus of 200 GPa and a yield
strength of 345 MPa. The concrete cores were modeled using the concrete01 material class and has
a compressive strength of 35 MPa, which captures the compressive behavior of concrete while
neglecting its tensile response. All frame members in the structure were modeled using
nonlinearBeamColumn elements, which effectively simulate the nonlinear behavior of structural
components by both geometric and material nonlinearities. This formulation enables the
distribution of plasticity along the length of the members. The cross-sectional properties of each



Seismic performance evaluation of CFT column structures using... 727

structural member were defined using the fiber section method in OpenSees, and this approach
was consistently applied to all member sections, as illustrated in Fig. 4. The beam-column
connections were modeled using welds for the outer frame and pins for the inner frame. This
configuration ensures that the outer frame to support all loads, while the interior frame contributes
solely to gravity load support without participating in lateral load resistance. Furthermore, to
simulate rigid diaphragm action at each story level, all nodes at a given story were constrained to a
master node located at the center of mass of that story. These constraints were applied to the
displacements in both the X and Y directions.

Two types of loads were applied to the structure. First, static loads, consisting of a combination
of dead and live loads, were applied based on the tributary area assigned to each node at the floor
level to analyze the structure under gravity loading. Following the application of static loads,
seismic forces were introduced into the model. To simulate this, a nonlinear time history analysis
was performed. A total of 41 pairs of near-fault ground motion records were selected and scaled to
represent two seismic hazard levels as specified in ASCE07-22: design basis earthquake (DBE)
and maximum considered earthquake (MCE). According to the ASCE7-22 adjustment method, a
scale factor of 2.628 was applied for the MCE level. For the DBE level, the adjustment factor is
set to 2/3 of the factor used for the MCE level. The specifications of the selected ground motion
records with strike-slip mechanism are provided in Table 3, and the scale spectrum of the ground
motion is given in Fig. 5. The dotted red line represents the ASCE7-22 MCE spectrum, and the
bold black line indicates the average response spectrum of the scaled ground motions.

5. Seismic performance evaluation

To evaluate the seismic performance of frame structures using CFCT and CFHT columns,
nonlinear seismic analyses were conducted using 41 recorded ground motions across two seismic
hazard levels. Based on the results derived from the nonlinear seismic analysis, statistical
evaluations were carried out on key response parameters, including maximum roof displacement,
maximum residual story displacement, column stress, and permanent deformation. These
statistical analysis results not only characterize the seismic behavior of the structure but also offer
insights into the potential damage levels and overall performance of the building.

Fig. 6 presents the maximum roof displacement of each structural system under different
seismic hazard levels. The maximum roof displacement serves as an intuitive indicator of a
seismic response. The maximum roof displacement limit is specified as 10 times the allowable
displacement h (Total height)/500 due to wind load [40]. Structures utilizing CFCT and CFHT
columns, which possess higher stiffness, exhibited slightly lower average maximum roof
displacements compared to those with CFST columns. As expected, the MCE level, characterized
by more frequent and intense ground shaking than the DBE level, resulted in greater structural
displacement and damage. Additionally, irrespective of the seismic hazard level, the maximum
roof displacement was consistently larger in the X-axis direction than in the Y-axis direction. At
the MCE level, the average maximum roof displacements in the X-axis direction were 225.08 mm
for CFCT, 219.67 mm for CFHT, and 235.68 mm for CFST. In the Y-axis direction, the
corresponding values were 241.01 mm for CFCT, 245.25 mm for CFHT, and 264.45 mm for
CFST. At the DBE level, the average maximum roof displacements in the X-axis direction were
124.33 mm for the CFCT structure, CFHT showed 119.72 mm, and CFST showed 135.77 mm,
and CFCT showed 124.18 mm, CFHT showed 116.31 mm, and CFST showed 132.39 mm in the
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Figure 6. Maximum roof displacement results (Continued)
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Figure 6. Maximum roof displacement results

Y-axis direction. At the MCE level, the largest maximum roof displacement was 986.62 mm,
observed in the CFST structure during the RSN821 earthquake, and the smallest displacement at
this level was 34.76 mm, recorded in the CFHT structure under the RSN161 earthquake. At the
DBE level, the largest maximum roof displacement of 587.08 mm occurred in the CFST structure
during the RSN821 earthquake, and the smallest displacement of 23.34 mm occurred in the CFHT
structure during the RSN161 earthquake. Some structures showed results exceeding the allowable
displacement limit, but on average, CFCT, CFHT, and CFST structures showed results within the
allowable displacement limit.

Figs. 7 and 8 present the distribution results of the inter-story drift ratio (ISDR) at the 15.9, 50,
and 84.1 percentiles according to seismic hazard levels. Overall, the CFCT and CFHT column
structures exhibited lower ISDR values compared to the CFST column structures. The ISDR of the
CFST column structures occurs largely on the first floor, but the ISDR of the CFCT and CFHT
column structures occur similarly on the first and second floors. Due to the material properties,
this behavior is attributed to the CFST column structures transitioning into a plastic state on the
first floor, whereas the CFCT and CFHT column structures predominantly maintain elastic
behavior. The allowable ISDR limit under seismic loading is specified as 2% [41, 42]. Based on
the allowable ISDR limit, the CFCT and CFHT column structures demonstrate, on average, safer
performance than the CFST column structures across varying levels of seismic hazard. At the
MCE level, the proportion of ground motions resulting in an ISDR equal to the 2% limit was 37%
for CFCT, 32% for CFHT, and 46% for CFST at the MCE level, and 5% for CFCT, 6% for CFHT,
and 12% for CFST at the DBE level, indicating notable differences among the column types. The
ISDR of the 15.9 and 50 percentiles remained within the allowable 2% limit for all structures.
However, the ISDR at the 80 percentiles indicated exceedance of the allowable limit under the
MCE level, with average values of 2.9% for CFCT in both directions, 2.8% for CFHT, and 3.8%
for CFST. At the DBE level, the average of CFCT in both directions was 1.6%, 1.5% for CFHT,
and 1.8% for CFST, but the CFST structure exhibited an unsafe result of more than 2% in the Y
direction.
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Figs. 9 and 10 present the distribution results of residual inter-story drift ratio (RISDR) at 15.9,
50, and 84.1 percentiles across varying seismic hazard levels. RISDR serves as a critical indicator
of post-earthquake damage in a structure. The two RISDR limits required for determining
economic recovery or complete collapse of the structure damage are 0.5% and 1.0%, respectively
[43]. If the RISDR exceeds 0.5%, significant repair costs are typically necessary to restore the
structure’s deformation. When the RISDR surpasses 1.0%, the damage is severe enough to render
the structure uninhabitable, resulting in a total loss of the structure. The CFCT and CFHT column
structures showed lower RISDR values than the CFST column structures. The RISDR in CFST
column structures predominantly occurs on the first floor, leading to permanent deformation
caused by plastic hinge formation in the first-floor columns. In contrast, the RISDR of CFCT and
CFHT column structures is mainly observed on the second floor, where the columns generally
remain in an elastic state. Considering the allowable RISDR limit, CFCT and CFHT column
structures demonstrate safer performance on average compared to CFST columns across various
seismic risk levels. The ground motions showing a RISDR of 1% or more were 19% for CFCT,
18% for CFHT, and 26% for CFST at the MCE level, and 6% for CFCT, 3% for CFHT, and 8%
for CFST at the DBE level, showing some differences. Additionally, the RISDR at the 15.9th and
50th percentiles remained below 1% on average in both directions, indicating safe performance
regardless of the seismic risk level. At the 80th percentile, the RISDR values at the MCE level
were 1.0% for CFCT, 0.9% for CFHT, and 1.5% for CFST in both directions, indicating the need
for repair or damage. At the DBE level, the bidirectional average CFCT was 0.6%, CFHT was
0.5%, and CFST was 0.6%, suggesting maintenance is required.

Figs. 11, 12 and 13 present the stress, energy dissipation amount and permanent deformation
observed in the CFRP, HCFRP, and Steel tube components of the lower left column in the
structural layout. Column stress and energy dissipation amount are key indicator of the capacity of
a column, which is the primary structural member of the building, to withstand seismic loads while
remaining intact and dissipating earthquake energy. Additionally, permanent deformation serves as
an indicator of the extent of damage sustained by the column owing to seismic activity. The
column stresses and energy dissipation amounts observed in the CFCT and CFHT columns were
higher than those recorded in the CFST columns. In particular, the maximum column stress
underground motion was 984.88 MPa for the CFCT column at the MCE level, which was 1.67
times greater than that of the CFHT column and 5.48 times greater than that of the CFST column.
At the DBE level, the CFCT column exhibited maximum stress of 477.30 MPa, again 1.67 times
higher than that of the CFHT columns and 5.48 times higher than the CFST column. The average
column stress was 410.15 MPa for CFCT, 196.74 MPa for CFHT, and 129.50 MPa for CFST at
the MCE level, and 281.48 MPa for CFCT, 195.98 MPa for CFHT, and 117.45 MPa for CFST at
the DBE level. In addition, the average energy dissipation amount was 9.16 J/mm?® for CFCT, 8.68
J/mm? for CFHT, and 6.53 J/mm?® for CFST at the MCE level, and 4.91 J/mm? for CFCT, 4.64
J/mm?® for CFHT, and 4.17 J/mm?® for CFST at the DBE level. These results suggest that CFCT
columns demonstrate superior seismic performance compared to CFHT and CFST columns
because they dissipate more seismic energy. The permanent strain in the CFCT and CFHT
columns was lower than that in the CFST columns. This indicates that CFCT columns not only
dissipate seismic energy more effectively than CFHT and CFST columns but also exhibit elastic
behavior under seismic loading. At the MCE level, the average permanent strain was 0.0016
mm/mm for CFCT, 0.0020 mm/mm for CFHT, and 0.0039 mm/mm for CFST. At the DBE level,
the average values were 0.0008 mm/mm for CFCT, 0.0009 mm/mm for CFHT, and 0.0011
mm/mm for CFST.
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6. Conclusions

In this study, the seismic performance of CFT column structures using CFRP and HCFRP was
evaluated. Tensile and compressive cyclic material tests were conducted on CFRP and HCFRP to
obtain behavioral characteristics, which were then simulated using the OpenSees program. The
detailed design of a six-story building structure was completed, and numerical models with CFCT,
CFHT, and CFST columns were developed. Furthermore, numerical analyses were performed by
applying 41 ground motions based on seismic risk, and seismic performance was evaluated in
terms of maximum roof displacement, story displacement ratio, residual story displacement ratio,
and column stress. Based on the numerical analysis, the following conclusions are drawn.

(1) First, a simulation study was conducted to model the material behavior of CFRP and
HCFRP, which are central to this study. The OpenSees analysis results showed an error of less than
0.5% compared to test results, indicating that the result is reliable for structural numerical analysis.

(2) Numerical analysis was conducted on building structures with CFCT, CFHT, and CFST
columns according to seismic risk levels. In terms of maximum roof displacement, the superior
performance of CFRP and HCFRP was clearly demonstrated. The average maximum roof
displacement for CFCT and CFHT columns was 7% lower than that of CFST columns at the MCE
level and 11% lower at the DBE level. Consequently, since the maximum roof displacement was
smaller in the CFCT and CFHT column structures compared to the CFST column structures, it is
expected that the structural damage would be reduced.

(3) Regarding the ISDR and RISDR that occurred on each floor of the building structure, the
CFCT and CFHT column structures exhibited smaller values compared to the CFST column
structures. In addition, based on the allowable limits for ISDR and RISDR, the CFCT and CFHT
column structures demonstrated safer results on average than the CFST column across varying
seismic risk levels. Specifically, the ISDR exceeded the limit criteria 12% more frequently at the
MCE level and 7% more frequently at the DBE level for CFST columns compared to CFCT and
CFHT columns. Similarly, the RISDR exceeded the limit criteria 8% more often at the MCE level
and 4% more often at the DBE level for CFST columns than for CFCT and CFHT columns.

(4) Based on the results of column stress, energy dissipation amount and permanent strain,
CFCT and CFHT column structures demonstrate superior seismic performance compared to CFST
column structures, primarily owing to their enhanced capacity to dissipate seismic energy. In
addition, CFCT and CFHT columns are expected to exhibit better elastic behavior than CFST
columns. The average column stress was 2.1 and 1.5 times higher for CFCT and CFHT columns,
respectively, at the MCE level, 2.4 and 1.4 times higher for CFST columns, respectively. The
average energy dissipation amount was 1.4 and 1.3 times higher for CFCT and CFHT columns,
respectively, at the MCE level, 1.1 times higher for CFST columns, respectively. In addition, the
average permanent strain was 0.4 and 0.5 times higher for CFST columns at the MCE level, and
0.8 and 0.9 times higher for CFCT and CFHT columns, respectively. Therefore, it is considered
that CFCT and CFHT columns can be used as replacements for conventional CFST columns
depending on requirements and performance.
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